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Abstract 
The paper summarises two options for a quadrupole 
first layout with low gradient triplet magnets that are 
compatible with NbTi magnet technology. The 
presentation lists the main design options and discusses 
the advantages and challenges for each implementation.  
MOTIVATION  
The triplet aperture is a key asset in bringing the LHC 
machine to maximum performance. A large triplet 
aperture allows:  
 
o Smaller β-functions at the interaction point 
(IP) (higher luminosity).  
o A larger beam separation in the common 
vacuum chamber of the two LHC beams 
(reduced long range beam-beam interactions). 
o More aperture margins (more room for 
absorbers and less heat deposition in the 
magnet coils from debris leaving the IP).   
o A larger opening of the LHC collimator jaws 





The nominal LHC triplet magnets have been designed 
without beam screen and with much smaller crossing 
angle orbit bumps than are now implemented in the 
nominal operation scheme. The introduction of beam 
screens and the increase in the crossing angle orbit 
bumps reduce the available aperture in operation and 
impose limitations for the machine operation that could 
be overcome by larger aperture triplet magnets. 
However, assuming the same gradient in the triplet 
magnets as for the nominal LHC optics (operating 
gradient of 205 T/m) a larger triplet aperture also 
translates into a larger peak field in the magnet coils 
which ultimately limits the maximum obtainable triplet 
aperture. Larger triplet apertures therefore either 
require the exploitation of a new magnet technology 
that provides larger peak fields in the coils (e.g. 
Nb3Sn), integrated quadrupole magnets inside the 
detector elements that provide an earlier focusing, or a 
redesign of the final focus system that requires smaller 
than nominal operating gradients in the quadrupole 
magnets. The first two options are discussed in other 
contributions to this workshop [1] [2]. In this paper we 
discuss the option of designing a special low gradient 
final focus optics that allows larger than nominal 
magnet apertures for the proven NbTi magnet 
technology. The motivation developing such a low 
gradient IR optics is threefold:  
o Providing an alternative optics solution to the 
nominal layout for comparative studies. 
o Providing an optics solution that is compatible 
with existing magnet technology and therefore 
requires shorter development time as 
compared to new Nb3Sn technology. 
o Provide an IR upgrade scenario that provides a 
synergy with required maintenance of a 
magnet repair and rescue facility for LHC IR 
NbTi magnets.  
 
MINIMUM REQUIRED APERTURE  
The nominal LHC Interaction Region (IR) layout 
features single bore triplet quadrupole magnets directly 
next to the experimental detector region. The nominal 
LHC layout requires a minimum distance of L* = 23m of 
the first triplet magnet from the actual beam interaction 
point (IP) inside the detectors. In a drift space, the optical 
β-functions of a symmetric insertion optics (minimum of 
the β-functions at the IP) increases quadratic with the 
distance from the IP
 
 
where β* indicates the β-function at the IP and ‘s’ the 
distance from the IP.  
The 30.67 m long triplet assembly is followed by a 5.6 
m long electric feed box (DFBX) and the so called 
separation-recombination dipole magnets that guide the 
two proton beams in the LHC back into the separate bores 
of the 2-in-1 magnet design of the remaining insertion 
region and arc magnets. The D1 separation dipole 
magnets in IR1 and IR5 are made out of six 3.4 m long 
warm magnet modules. In total, the 2 LHC beams 
traverse a distance of approximately 143 m on the same 
reference orbit (end of the first separation dipole magnet 
module on the left to the end of the first separation dipole 
magnet module on the right side of the IP). For the 
nominal bunch spacing of 25 ns this common orbit 
implies a total of approximately 33 additional beam-beam 
interactions per IR (in addition to the nominal interaction 
at the IP). Figure 1 shows a schematic sketch of the 























    
 
igure 1: Maximum β-function at the centre of Q2 as a 




igure 2: Required magnet apertures as a function of 
the distance between the centre of Q2 from the front face 
of 1 for L* = 23m. 
ssuming further that the slope of th ion 
changes by twice its value at the entrance of the first 
quadrupole magnet and that the slope changes its sign at 
2
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In order to avoid these additional unwanted interaction 
points, the LHC features dedicated crossing angle orbit 
bumps over the IRs that separate the 2 LHC beams over 
the common beam pipe. For an ultimate machine 
performance the crossing angle orbit bumps should 
provide a minimum beam separation of approximately 10 
σ, where σ denotes the RMS beam size. Requiring in 
addition for each beam a minimum clearance of 10 σ 
from the beam centre to the magnet apertures one obtains 
for the minimum required magnet aperture in the common 
part of the 2 LHC beams an aperture of 30 σ. Adding 
furthermore additional margins for: 
o 20% β-beat. 
o 3mm closed orbit (CO) errors. 
o 3mm for alignment errors of the magnets and 
the beam screens. 
o 1mm for spurious dispersion effects, 
 
the minimum required aperture inside the final focus 
magnets can be written as: 
 
                  (2) 
 
where the RMS beam size depends on the local β-
function. The peak β-function and its derivative at the 
entry of the first focusing quadrupole magnet can be 
calculated as a function of β* by Equation (1). The 
derivative of the β-function is expressed by 
 
                                    (3) 
 
 
Given the initial β* values at the IP one can now 
calculate the β and α-functions at the entrance of the first 
triplet quadrupole magnet: 
 
 
                        (4) 
 
 
                        (5) 
 
where L* is the distance of the first quadrupole magnet 
from the IP. Assuming a thin lens model for the triplet 
assembly one can propagate the β-function between the 
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th centre of the second triplet quadrupole magnet one 
can estimate the peak β-function, and thus the RMS beam 
size, inside the triplet assembl e 
di ance of the first triplet quadrupole magnet from the IP 












nominal distance of ca. 17 m between Q1 and 
th centre of Q2 the required triplet aperture of ca. 60 mm 
fo β* = 0.5m corresponds well to the nominal triplet 
ap
f 80mm. Applying the 
same margin between aperture and inner coil diameter as 
fo
plet magnet modules. 
Fi
of  







adrupole magnets. The RMS beam size is given by  
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where ε is the beam emittance (ε = 3.75 10-6 m/ 7400 
for the nominal LHC beam at 7 TeV). Using Equation (2), 
(4), (5) and (6) Figure 1 shows the resulting required 
magnet aperture for L* = 23m as a function of the 
distance between the first and second triplet quadrupole 
 
 
Figure 3: Beam1 optics in the right-hand side of IR5 fo
e nominal triplet layout and β* = 0.25m. The peak b-
nction reaches approximately 9.5km at the centre of Q2
which is approximately 17m away from the beginning of
 (L*).  
 
 
For the nominal distance of ca. 17 m between Q1 and 
the centre of Q2 one obtains a peak β-function of ca. just
ove 4000m and 9000m for β* values of 0.5m and
25m. The peak β-function for β* = 0.25m corresponds
within 10% to the actual value shown in Figure 3. Figure 
shows the resulting required magnet aperture for L* = 
23m as a function of the distance between the first and 





erture (70mm for the inner coil diameter, 63mm for the 
inner diameter of the cold bore minus the required space 
for the beam screen). The nominal triplet inner coil 
diameter is therefore ca. 10mm larger than the aperture 
available for the beams. In the following discussions we 
will apply the same margins for new final focus magnets. 
For β* = 0.25m one obtains for the nominal IR layout a 
minimum required triplet aperture o
r the nominal triplet magnet layout this corresponds to 
an inner coil diameter of 90mm for  β* = 0.25m. 
Assuming the same operating gradient as for the nominal 
LHC Optics (200 T/m) the operation with β* = 0.25m 
requires therefore peak coil fields of more than 9 T using 
the nominal IR layout which lies well beyond the reach of 
NbTi magnet technology. NbTi magnets should be 
capable of peak coils field of 7 T.  
TECHNOLOGICAL REACH FOR NBTI 
MAGNETS  
As the quadrupole aperture increases, the operating 
gradient decreases by 20 T/m for every 10mm of coil 
aperture. In order to get for a larger aperture magnet a 
similar integrated quadrupole gradient as for the nominal 
LHC triplet arrangement, the quadrupole lengths need to 
be increased accordingly (20-30% for the first 10mm 
aperture increase). The NbTi technology has been proven 
for a quadrupole length of up to 12 m which is a factor 2 
to 3 longer than the current tri
gure 4 shows obtained operating gradient as a function 






Figure 4: Obtainable quadrupole operating gradient as a 
nction of coil aperture for various NbTi prototype
magnets for an operation at 80% of the conductor limit.  
 
One clearly recognizes that, using the cable of the main 
LHC quadrupoles, magnet apertures of 120mm are within 
reach of existing NbTi magnet technology provided the 
agnet gradient remains below 100 T/m. 
 
TIME SCALE FOR A FINAL FOCUS 
The lifetime of the nominal NbTi magnets is estimated 
to correspond to 700 fb-1. Assuming 200 operation days 
per year and an overall efficiency of 50% this correspond
 an operation of 9 years with nominal beam parameters 
[4]. The lifetime of the central tracker of the main 
100
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detectors in IR1 and IR5 is estimated to correspond to 300 
fb-1, which correspond to approximately 4 years of 
nominal operation with the above assumption for the 
accelerator efficiency. Assuming a machine start up by the 
end ing 






and  the installation of absorber materials 












om for increased beam separation crossing angle
rbit bumps. The main problem of this optics design is 
of 2007 and a time period of 1 year in order to br
HC from the commissioning period to nom
lies major hardwrformance this imp are interventions in 
the LHC during the machine shutdown periods in 2012 / 
2013 and 2017 / 2018. In order to maximize the 
performance increase after each major intervention phase 
it is advantageous to synchronize the various upgrade 
options and to implement them in common shut down 
periods.  This approach would suggest aiming for a first 
triplet aperture upgrade during a long shut down period in 
2012 / 2013. Such an early IR upgrade would improve the 
current operation limitations due to the reduced apertures 
in the nominal triplet layouts. While this time scale should 
be feasible with existing NbTi technology it might be too 
challenging for an upgrade based Nb3Sn technology. As 
stated in [5] an upgrade based on NbTi technology can 
provide a performance level of up to L = 3 1035 cm-2 sec-1 
where the performance is limited by the peak power 
density deposited inside the magnets and the currently 
available cryogenic power for the LHC IR regions. The 
Nb3Sn could then be used for a later second upgrade. For 
example, assuming a luminosity upgrade to L = 1035 cm-2 
sec-1 the lifetime limit of 700 fb-1 for NbTi magnets would 
prohibit the use of NbTi magnets at such high luminosity 
values (the magnet lifetime limit would be reached at the 
end of each year of operation implying a triplet 
replacement once per year) unless additional protection 
against the radiation from the IP is implemented. A 
luminosity upgrade to L = 1035 cm-2 sec-1 is therefore only 
possible with more radiation hard magnets (e.g. Nb3Sn) or 
additional protection devices and absorber material. 
However, the actual performance limits will only be 
identified with LHC operation (e.g. magnet aperture; heat 
load and quench limits; beam-beam interactions; 
chromatic aberrations). While a larger magnet aperture 
will help for most problems, the optimum magnet 
technology and choice of implementation depend on the 
actual limiting problems during operation. Before we 
have any experience from the LHC operation it seems 
therefore to be a good idea to keep all technical options 
alive and to prepare a staged upgrade scenario that starts 
with known magnet technology in its first stage. 
 
Such a staged IR upgrade proposal has the added 
benefit of providing a synergy with the required 
maintenance of a magnet repair and rescue facility for the 
NbTi magnets in the LHC insertions and new R&D 
studies for a future performance upgrade of the LHC. 
 
A LOW GRADIENT TRIPLET LAYOUT 
First we look at a low gradient optics solution using a 
final focus layout based on three different magn
(triplet) (see Figure 1) using long, specialized m
signs for each nit. The following design assumes L* = 
19 m and has been optimized for (in order of priority): 
o Large magnet aperture (? low operating 
gradient) for obtaining additional margins for 
the beam-beam crossing angle orbit bum
power density inside the magnet coils due to
debris leaving the IP. 
o Peak β-functions inside the triplet arrangement 
below 16 km (50% higher than the b* = 0.25 
optics using the nominal triplet layout and 
20% smaller than the low gradient solution in 
[3]) in order to minimize the beam size (? 
larger aperture in terms of the RMS beam size) 
and reduced chromatic aberrations.  
Balanced gradients in the triplet magnets (? 
optimized magnet use). 
Compact triplet assembly (? optimized 
length of the superconducting magnets). 
re 5 shows the resulting optics for Beam1 using the 
sertion magnet layout and a new triplet layout 
llowing main magnet parameters:  
Q1: gradient of 75 T/m; length of 16.8m. 
Q2a and Q2b: gradient of 75 T/m; length of 
12.4m each. 
o Q3: gradient of 65 T/m; length of 15.2m. 
 
 
Figure 5: Beam1 optics for a triplet layout assuming L* 
= 19m and maximum triplet gradients of less than 75 T/m. 
 
The peak β-function inside the triplet magnets stays 
below 16 km. Assuming a peak field in the magnet 
coils of 9T and an additional operating margin of 10% 
(8.1T) the above gradients are compatible with an inner 
coil diameter of 200mm in the Q1 and Q2 and 250mm 
in Q3 modules which should provide sufficient space 
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that the dispersion function at the IP can no longer be 
matched to zero. This limitation is related to the limited 
strength of the Q6 magnet of the insertion region and 
* 









stem. We will 
come back to this point in the following section. 












can be overcome by introducing an additional MQM 
magnet module at Q6. Figure 6 shows the resulting 
matched optics for this modified IR layout. The new 
triplet magnet parameters are:  
o QX1: gradient of 75 T/m; length of 16.8m. 
o QX2a: gradient of 75 T/m; length of 13.9m. 
o QX2b: gradient of 73 T/m; length of 10.9m. 
o QX3: gradient of 70 T/m, length of 15.2m. 
 
 
Figure 6: Beam1 optics for a triplet layout assuming L
9m, maximum triplet gradients of less than 75 T/m and
an additional MQM magnet module at Q6. 
 
One clearly recognizes that the dispersion function at
e IP can now be matched within the available magne
engths of the insertion quadrupole magnets. However
e dispersion matching still requires an independen
wering of the 2 Q2 magnet modules indicating that th
w gradient final focus system becomes more flexible if 
a fourth magnetic unit is added to the standard triplet 
yout. Such a final focus system with four independent
agnet parameters offers 4 parameters for the adjustment 
of the peak β-function inside and slopes of the β-
functions at the exit of the final focus sy
   The peak β-function inside the triplet magnets 
remains at 16km which yields an RMS beam size of 
2.85mm for the nominal emittance value of the LHC. 
Using Equation (2) this implies a required minimum 
magnet aperture of 101.5mm. Applying a 10mm increase 
in the required aperture for the beam-screen and cold bore 
installation this implies a minimum inner coil diameter of 
111.5mm which is well inside the technological range of 
the NbTi magnet technology indicated in Figure 4. 
However, the maximum β-function inside the D1 
separation-recombination dipole magnets reaches peak 
values of more than 6km requiring also an upgra
isting warm D1 magnets in the LHC. 
The first and second order Chromaticity terms can be 
corrected within the available corrector strength using the 
nominal arc sextupole corrector circuits of the LHC. 
Figure 7 shows the variation of the horizontal and vertical 
tunes as a function of the beam momentum for the 
corrected machine [6]. One can see that the tune variation 
is quite small for momentum variations of up to |Δp/p0| < 
0.4 10-3 compared to an RF bucket size of +/- 0.3 10-3 at 
top energy in the LHC. Above these values the tune 
variation increases due to third order chromaticity terms.  
 
Figure 7: The horizontal and vertical tunes as a function
 the beam momentum for the new IR layout with
rrected first and second order chromaticity terms. 
 
Figure 8 shows the corresponding corrector strength of
the LHC arc sextupole circuits [6]. 
 
Figure 8: The corrector strength of the LHC arc
tupole circuits with correction of the first and second 
der chromaticity terms. 
 
 
The chromatic aberrations in the LHC due to large b-
ctions inside the triplet assembly are proportional to
:  
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able 1 com  the chromatic 
ab rrations of the nominal LHC triplet layout with β* = 
0. he low gradient 
so tion  are approximately 
25  larger than the aberration for the nominal trip
layout with β-max = 9km. 
NbTi β*=25cm aperture 
NbTi  
β*=0.25
T pares these values to
e
5 and β* = 0.25m. The aberration for t
lu s with β-max values of 16km
% let 
 
  nominal  Nb3Sn Large  
β*=50cm 
m
Iz = IzL+IzR 350 700 900 
 
Table 1:A comparison of the chromatic aberration in the 
new low gradient triplet solution with β* = 0.25m and the 
nominal triplet configuratio * *n and β  = 0.5 and β  = 0.25m. 
A MODULAR RADIENT ET 
LAYOUT 
r ng a m r, low nt final 
focus layout where all quadrupole magnets have the same 
le h but might have slightly different operating 
gr
between two magnet modules space for the installation of 
either dedicated absorber materials that protect the 























 LOW G TRIPL
Next we are p esenti odula gradie
ngt
adients. Such a modular final focus design facilitates 
the maintenance and spare magnet policies in the LHC, 
might reduce the manufacturing costs for these new 
quadruple magnets and provides at each transition 
magnet coils from debris leaving the IP or multipole 
corrector packages for the correction of field 
the final f
lowing design has been optimized for (in order of 
priority): 
o Large magnet aperture (-> low operating 
gradient) for obtaining additional margins for 
the beam-beam crossing angle orbit bumps 
and  the installation of absorber materials 
inside the magnets that could reduce the peak 
power density inside the magnet coils due to 
debris leaving the IP. 
o Minimum peak β-functions inside the final 
focus arrangement in order to minimize the 
beam size (-> larger aperture in terms of the 
RMS beam size) and reduced chromatic 
o Modular magnet design with 5.5m long 
magnet modules and 1m space for the module 
interconnections (simplifies the magnet 
production, the spare magnet policy for the 
LHC and provides space for absorber and 
multipole corrector elements). 
)22cos( 2,12 zzzz QIQ πμ −Δ⋅∝′′ re 9 shows a schematic layout of this modular final 
em where we kept the fourth quadrupole 
m the previous section in order to facilitate the 
f the optics to the LHC arcs. Figures 10 an 11 
corresponding
 root of the β-functions) for Beam1. Figures 12 and 
e same optics solutions with the β-functions on 
le. 
D1    QX4 QX2  QX3 QX4   D1 
 




Figure 10: Dispersion and square root of the β-
ctions on the right hand side of the optics solution for 
modular final focus design with four functional 
quadrupole units on each side of the IP and β* = 25 cm. 
  
The optics solution features a vanishing dispersion and 
derivative at the IP and a peak β-function inside the final 
us system of less than 14.5km which yields an RMS 
beam size of 2.7mm for the nominal emittance value of 
e LHC. Using Equation (2) this implies a required 
inimum magnet aperture of 96mm. Applying again a 
10mm larger aperture for the beam-screen and cold bore 
stallation this implies a minimum inner coil diameter of 
106mm which is again well inside the technological range 
of the NbTi magnet technology indicated in Figure 4.  
 QX3  QX2   QX1 QX1 IP 
2 x 19.45 m 75 m (35) 
ca. 27 long range interactions ca. 27 long range interactions 




Figure 11: Dispersion and square root of the β
nctions over the full IR for a modular final focus desig
with four functional quadrupole units on each side of the 









Figure 13: Optics solution over the full insertion for a 
modular final focus design with four functional 
quadrupole units on each side of the IP and β* = 25 cm. 
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in  [7]). 
Since the peak β-function for the low gradient final focus 
op
o 
two larger. While the chromatic aberrations can be 
co
The emittance  vibrations is 
n inside the quadrupole 
 β-function in the low 
gr
ature a cancellation of the net tune modulation 
over the final focus system due to power supply ripple.  
ply ripple is 




Figure 12: Right hand side of the optics solution fo
odular final focus design with four functional
quadrupole units on each side of the IP and β* = 25 cm. 
 
The presented solutions are compatible with
tilisation of warm D1 magnets (requires a dipol
ss than 2 T) and requires only a relaxed design f
d D2 magnets (dipole field of 3.5 T). The fi
second order Chromaticity terms can be corrected to the
same levels as already discussed for the non-modul
dient solution of the previous section [6]. 
OPEN ISSUES 
 Chromatic Aberrations 
The natural chromaticities due to the fina
quadrupole magnets increase with the peak β-f
side the magnets (see Equations (9) to (11) and
tions are approximately 50% higher when compared to 
a high gradient triplet solution using the nominal LHC 
triplet layout the associated chromatic aberrations are als
rrected up to second order using the existing LHC arc 
correction circuits the effect of the larger aberration terms 
on the experimental background and Dynamic Aperture 
(DA) still need to be evaluated in more detail in future 
studies.  
 
2) Vibrations and Emittance Growth 
blow-up due to magnet
proportional to the local β-functio
magnet. The 50% larger peak
adient quadrupole final focus options require a re-
evaluation of the ground motion and vibration tolerances.   
 
3) Power Supply Ripple Tolerances and Tune 
Modulation 
Since the final focus quadrupole magnets no longer 
have the same gradient in the low gradient optics design 
they can not all be powered in series by a single power 
converter. Rather, each magnetic unit either requires it’s 
dedicated own power converter or at least a dedicated 
trim power supply. In either case the final focus system 
can not fe
Since the tune modulation due to power sup
proportional to the maximum β-functions in
cus quadrupole magnets one expects a larger effect than 
compared to the standard LHC triplet layout using Nb3Sn 
solution and one still needs to specify the maximum 
acceptable power converter ripple for the new low 
gradient layout solutions.  
 
 
4) Issues Related to the Field Error Correction 
The nominal LHC triplet assembly features 5 non-
linear corrector magnets (correction for b3, a3, b4, a4 and 
b6) placed on the non-IP side of the Q3 quadrupole 
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magnet on each side of the IP. Since the optic functions 
vary significantly over the length of the triplet assembly 
the corrector magnets can only aim at a non-local kick 
minimization of the field errors. Because the two LHC 
beams feature different optic functions inside the triplet 
magnets this procedure can not simultaneously provide a 
kick minimization for both beams. This can only be 
achieved by using the corrector packages on both sides of 
the IP for a common kick minimization. In case the LHC 
beams have an offset inside the triplet magnets (e.g. for 
the generation of a crossing angle at the IP) the correction 
should also include the feed down errors from the body 
harmonics. A first analysis of the effect of final focus 
qu drupole field error in a final focus system with 
 
in
ed that optics solution with β* 
= 
focus length and pe side the final focus 
sy







maximum β-functions of the order of 18km has already 
started [6]. However, the maximum acceptable field errors
 the presence of corrector packages and a description of 
the correction strategy still need to be specified in future 
studies.  
 
5) Issues Related to Heat Deposition inside the 
Final Focus Magnets 
The heat deposition inside the final focus quadrupole 
coils depends on the peak luminosity during operation, 
the maximum β-functions, the available aperture of the 
magnets and the amount of dedicated absorber material 
inside the magnets, and the He flow between the absorber 
material and the coils.  A realistic estimate of the 
maximum obtainable luminosity with a low gradient 
triplet layout based on NbTi technology therefore requires 
simulation studies for the debris deposition inside the 
magnets and studies on how the deposited heat can be 
extracted though dedicated absorber materials. A 
collaboration between Fermilab and CERN has been set 
up to this end at the LUMI’06 workshop and first results 
are expected for the middle of 2007.  
 
SUMMARY 
The presented study show
0.25m are feasible with existing NbTi technology using 
low gradient final focus layouts requiring a peak coil field 
of less than 4.5 T for the aperture requirement given in 
Equation (2). NbTi magnets should be capable of a peak 
coil field of 7 T. The remaining margins in the peak field 
for the presented solutions can either be used for 
introducing additional aperture margins (almost factor 2 
in terms of RMS requirements leading to a magnet 





stem (reduced chromatic aberrations). 
The price to pay for the reduced gradients in the new 
final focus systems are increased maximum β-functions 
that increase the chromatic aberrations inside the 
quadrupole magnets and a longer final focus system.   
Preliminary studies showed that the increased chromatic 
aberrations can still be corrected with the existing arc 
correction systems up to second order inclusive. The 
increased final focus length implies more 
superconducting material and thus increased costs for the 
magnet construction. However, compared to the 
alternative triplet solutions based on Nb3Sn and the 
nomial LHC triplet layout it is worthwhile underlining 
that the Nb3Sn material is approximately 5-10 more 
expensive compared to NbTi. Since the proposed low 
gradient NbTi solutions are approximately twice as long 
as the nominal LHC triplet layout they require 
approximately twice as much superconducting material 
for the magnet construction. Combining this with the 
price difference for the Nb3Sn and NbTi materials this 
implies that the low gradient NbTi solutions should still 
be price competitive. 
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